The 1918 influenza pandemic caused more than 40 million deaths and likely resulted from the introduction and adaptation of a novel avian-like virus. Influenza A virus hemagglutinins are important in host switching and virulence. Avian-adapted influenza virus hemagglutinins bind sialic acid receptors linked via ␣2-3 glycosidic bonds, while human-adapted hemagglutinins bind ␣2-6 receptors. Sequence analysis of 1918 isolates showed hemagglutinin genes with ␣2-6 or mixed ␣2-6/␣2-3 binding. To characterize the role of the sialic acid binding specificity of the 1918 hemagglutinin, we evaluated in mice chimeric influenza viruses expressing wild-type and mutant hemagglutinin genes from avian and 1918 strains with differing receptor specificities. Viruses expressing 1918 hemagglutinin possessing either ␣2-6, ␣2-3, or ␣2-3/␣2-6 sialic acid specificity were fatal to mice, with similar pathology and cellular tropism. Changing ␣2-3 to ␣2-6 binding specificity did not increase the lethality of an avian-adapted hemagglutinin. Thus, the 1918 hemagglutinin contains murine virulence determinants independent of receptor binding specificity.
The 1918-1919 "Spanish" influenza pandemic was responsible for an estimated 40 to 50 million deaths worldwide and approximately 675,000 deaths in the United States (9) . The genome of the 1918 (H1N1) influenza A virus (IAV) was sequenced from viral RNA fragments retained in lung tissues collected from infected humans who died during the pandemic (35, 36) . Sequence analyses suggest that the 1918 pandemic virus arose after the adaptation and introduction of an avian-like H1N1 IAV into humans (22, 36) . Influenza virus pandemics occur periodically and have been associated with the introduction of new hemagglutinin (HA) subtypes, such as the 1957 (H2N2) and 1968 (H3N2) pandemic viruses (34) . The emergence and spread of an antigenically novel IAV capable of causing a new pandemic are currently a matter of strong public health concern, the most notable of which is the continued circulation of Eurasian-lineage highly pathogenic avian influenza (HPAI) viruses of the H5N1 subtype capable of causing severe and unusually fatal respiratory disease in humans (21, 42) . Thus, understanding of the virulence and pathogenic properties of past pandemic influenza viruses, including the 1918 virus, is crucial.
The HA protein of IAVs initiates infection by binding sialic acid (SA)-containing glycoproteins on cells (26) . The specificity of HA binding to terminal SA residues is dependent on the conformation of the bond to the penultimate carbohydrate. The tissues of different host animals express different SA isomers: ␣2-3 linkages in the gut of waterfowl, ␣2-3 and ␣2-6 linkages on the lung and intestinal epithelium of chickens, and ␣2-6 linkages in the upper respiratory epithelium and ␣2-3 linkages in the lower respiratory epithelium of humans (1, 5, 6, 27, 32, 41) . In general, avian-adapted IAVs preferentially bind SA ␣2-3 Gal and human-adapted IAVs have a binding preference for SA ␣2-6 Gal (2, 16), based on differences in the amino acid sequences in the HA receptor binding domain (RBD). The consensus sequence of the RBD of avian H1 viruses includes a Glu at position 190 and a Gly at 225 (H3 numbering); human-adapted H1 viruses generally have an Asp at both positions 190 and 225. Previous studies have shown that mutations at these positions in an avian H1 virus to the human consensus are sufficient to alter its SA binding preference from ␣2-3 to ␣2-6 (30, 31) .
It has been hypothesized that E190D and G225D mutations in avian H1 viruses can lead to a host-switching event by changing its SA binding specificity (24) . Intriguingly, of the five 1918 influenza virus HA genes sequenced to date, three have a D190 and a D225 with ␣2-6 specificity (for example, A/South Carolina/1/1918 H1N1 [SC1918]) while two have 190D and 225G with mixed ␣2-3 and ␣2-6 specificities (for example, A/New York/1/1918 H1N1 [NY1918]) (25) . Given the differing receptor binding specificities of 1918 HA genes, we need to extend the hypothesis that avian-to-human IAV host switching is based on HA binding specificity to include important changes in HA outside the RBD. The factors that allow an IAV to be transmissible between humans are not well understood, but changes in the RBD are likely to be important factors in the process. It was recently demonstrated in a ferret transmission model that ␣2-6 SC1918 was transmitted efficiently to contact animals, ␣2-3/␣2-6 NY1918 transmitted less well, and an "avianized" form of the 1918 virus, in which the 190 position of the RBD was mutated back to the conserved avian 190E sequence, did not transmit at all (40) . Moreover, this study showed that differences in the SA binding specificity of 1918 HA proteins did not affect weight loss, viral replication, or pathogenesis in primary inoculated ferrets.
Additional studies have shown that the entire 1918 HA gene can act as a virulence factor in mouse studies in that viruses bearing the 1918 HA gene can induce lethal infections (10, 13, 20, 37, 39) . However, the contributions that sequence differences in the RBD make to the virulence of the 1918 virus have not been previously examined. The presence of multiple positively charged amino acids in the cleavage domain is characteristically observed in highly pathogenic subtype H5 or H7 avian influenza viruses; however, this sequence does on appear in any 1918 HA (29, 35) . To examine the relationship between influenza virus receptor binding specificity and virulence, we tested two hypotheses, (i) if changing the ␣2-3 SA binding of an avian-adapted HA to ␣2-6 would increase virulence and (ii) if altering the ␣2-6 SA binding specificity of the 1918 HA to ␣2-3 would abolish virulence in a mouse model.
isoflurane supplemented with O 2 (1.5 liters/min) and intranasally inoculated with between 2 ϫ 10 3 and 2 ϫ 10 5 PFU of IAV in a total volume of 25 to 50 l. Viruses were diluted in sterile DMEM where appropriate. Body weights were measured daily, and mice were humanely euthanized if they lost more than 20% of their starting body weight. Lungs were collected for viral titration and pathology at 4 and 6 days postinoculation (dpi). For each virus and time point, lungs from three animals were collected for viral titration and two were collected for pathology. Lungs collected for pathology were inflated with 10% neutral buffered formalin at the time of isolation to prevent atelectasis. Lung viral titers were determined by plaque assay (described above) in 10% (wt/vol) lung suspensions prepared by homogenization in sterile 1ϫ L15 medium. All experimental animal work was performed in an enhanced animal BSL3 laboratory at the National Institutes of Heath (NIH) following the approval of animal safety protocols by the NIH Animal Care and Use Committee.
Pathology and immunohistochemistry. Tissue samples, including the fixed, inflated lungs, mediastinal lymph nodes, and spleen, were dehydrated and embedded in paraffin, and 5-m sections on positively charged slides were stained with hematoxylin and eosin for histopathologic examination. Influenza virus antigen distribution was evaluated by immunohistochemistry in accordance with the manufacturer's protocol (Invitrogen Corp., Carlsbad, CA). Antigen retrieval was performed with 10 mM sodium citrate-0.05% Tween 20 buffer, pH 6.0, with a 2100 Retriever model pressure cooker by following the manufacturer's instructions (Pickcell Laboratories, Amsterdam, The Netherlands). The primary antibody was a goat polyclonal antibody to IAV (Abcam Inc., Cambridge, MA), and it was detected with biotinylated rabbit anti-goat immunoglobulin G (Invitrogen Corp., Carlsbad, CA); the chromogen was aminoethylcarbazole.
Nucleotide sequence accession numbers. The gene segment sequences determined in this study, including the newly determined untranslated regions, have been deposited in GenBank (accession numbers FJ770051 to FJ770058).
RESULTS
Generation of avian (H1N1) and 1918 (H1N1) HA and NA chimeric viruses. To understand how changing the SA binding specificity of an avian-adapted HA would affect IAV virulence in a mouse model, we studied the growth, virulence, and pathogenicity of two recombinant influenza viruses expressing wildtype ␣2-3 or mutant ␣2-6 SA binding HA genes, created by reverse genetics, on the backbone of a contemporary lowpassage human H1N1 virus (A/New York/312/2001) ( Table 1) . As a representative avian HA with ␣2-3 SA binding specificity, we used the HA and NA from Dk/Alberta/35/1976, resulting in a virus designated Av-wt. Two amino acids in the HA ligand binding domain of this virus were then mutated to E190D and G225D, resulting in a virus designated Av-mut that has been shown to have ␣2-6 specificity (31). To minimize the confounding effects of HA and NA function, these viruses also contained identical wild-type Dk/Alberta/35/1976 NA genes. In parallel, to test the effect of changing the ␣2-6 1918 HA SA specificity to an avian ␣2-3-only specificity, we also created three 1918 reassortant viruses. Two viruses contained an HA gene that represented one of two 1918 sequences isolated from human tissues, (i) the HA from A/South Carolina/1/18 (containing D190 and D225 and showing ␣2-6 specificity) or (ii) the HA from A/New York/1/18 (containing D190 and G225 and showing a blended ␣2-3 and ␣2-6 specificity) (31) . These viruses were designated 1918-SC and 1918-NY, respectively, and only differ in one nucleotide that changes the D225 codon in A/South Carolina/1/18 to G225 in A/New York/1/18. A third 1918 HA chimeric virus was generated by mutating a single nucleotide in the A/New York/1/18 HA gene that recapitulated the avian consensus RBD (containing E190 and G225 and showing ␣2-3 specificity) and was designated 1918-NYmut. To ensure that all of the differences in the 1918 reassortant viruses VOL. 83, 2009 were attributable to HA activity, all three 1918 reassortant viruses also contained the same 1918 NA gene.
Wild-type and mutant avian HA-expressing virus mouse infection studies. To test the virulence properties of the avian HA, NA H1N1 reassortant viruses, mice were intranasally inoculated with 2 ϫ 10 5 PFU of each virus. Weight loss was measured daily, and viral lung titers and lung pathology were evaluated on different days postinfection. As shown in Fig. 1A , neither the parental NY312, the ␣2-3 binding Av-wt, nor the ␣2-6-specific Av-mut virus was lethal in mice, although mice inoculated with the Av-mut virus showed slightly more weight loss than did mice inoculated with the wild-type duck HAexpressing virus or the parental NY312 virus. The increased morbidity of the mice inoculated with the Av-mut virus was, however, associated with peak lung titers similar to those of mice inoculated with Av-wt (Fig. 1B) . Interestingly, the alteration of the ␣2-3 SA binding specificity of the avian HA proteins to ␣2-6 resulted in sustained lung viral titers (at 6 dpi) that were not observed with either the parental NY312 or the Av-wt HA virus. These results showed that simply changing the SA receptor binding specificity of a representative avian HA does not in itself account for virulence, as measured by lethality for mice, but delayed viral clearance from the lungs.
To determine the baseline pathogenic phenotype of the parental contemporary of the human-adapted H1N1 virus, we intranasally inoculated mice with the NY312 virus and observed minimal pathology in infected mice. Lung sections showed focal bronchioles with luminal necrotic epithelial debris without underlying inflammation, and a mild interstitial inflammation was seen in a few focal areas of the lung (data not shown). The Av-wt virus also induced minimal pathology in infected animals. No pathological changes or viral antigen staining was observed in the epithelium of the lower respiratory tree or in alveolar lining cells ( Fig. 2A) . Interestingly, sections of trachea showed an acute inflammation of the epithelium and of the submucosal glands (Fig. 2B ) associated with viral antigen in the tracheal epithelium and submucosal glands (Fig. 2C) . The Av-mut virus did not induce tracheal pathology and produced only minimal focal changes in the lung. A single focus of alveolitis with a mixed inflammatory infiltrate was observed, but the lung was otherwise unaffected (Fig. 2D and  E) . No viral antigen staining was observed in trachea or alveolar lining cells (Fig. 2F ), but weak focal staining was observed in occasional alveolar ducts (data not shown).
Wild-type and mutant 1918 HA-expressing influenza virus mouse infection studies. In contrast, viruses expressing 1918 HA with either ␣2-6 only or mixed ␣2-3/␣2-6 SA specificity caused significant weight loss and were lethal to mice (Fig. 3A  and B) , produced high viral lung titers of 10 5 to 10 6 PFU per gram of lung tissue (Fig. 3C) , and caused severe disease pathology. As shown in Table 1 , the dose of the 1918-SC virus lethal for 50% of the mice infected (MLD 50 ) was slightly lower (MLD 50 ϭ 10 3.8 ) than that of the 1918-NY virus (MLD 50 ϭ 10 4.47 ). To examine whether changing the SA binding specificity of the 1918 HA to ␣2-3 affected its phenotype in mice, we tested the ␣2-3-only SA binding 1918-NYmut virus (30, 31) . Mice intranasally inoculated with 2 ϫ 10 5 PFU of the 1918-NYmut virus showed an early weight loss that was more severe than that of mice infected with the Av-wt, Av-mut, or parental NY312 virus and was similar to that of mice infected with the 1918-SC and 1918-NY viruses. Infection with 1918-NYmut was also lethal in approximately 33% of the mice tested (n ϭ 15); however, we were unable to determine an MLD 50 of this virus, as we did not have sufficiently high titers from MDCK cell supernatants for an inoculation above 2 ϫ 10 5 PFU. These results demonstrate that (i) in the first set of experiments, simply changing the SA binding specificity of an avian HA from ␣2-3 to ␣2-6 was not sufficient to induce lethal infection and (ii) in the second set of experiments, although 1918 viruses with ␣2-6 HA binding activity were more virulent, altering 1918 HA binding to uniquely ␣2-3 did not completely abolish the virulent phenotype in the mouse model. Pathology and immunohistochemistry studies. To determine how SA receptor binding specificity affected the lung pathology and cell tropism of these avian and 1918 H1N1 viruses, we compared hematoxylin-and-eosin-and viral antigen-stained lung sections from mice infected with the NY312, Av-wt, Av-mut, 1918-SC, 1918-NY, or 1918-NYmut virus. In contrast to the parental NY312, Av-wt, and Av-mut experiments, lung sections from mice infected with the three 1918 HA, NA constructs showed severe pathology. The lung sections from the 1918-SC-and the 1918-NY-infected mice had moderate-to-marked alveolitis and bronchiolitis with alveolar edema and/or hemorrhage (Fig. 4A, B, D, and E) . The inflammatory infiltrate was mixed but contained many neutrophils. Widespread viral antigen was detected in both bronchiolar epithelial cells and alveolar lining cells (Fig. 4C and F) . The 1918-NYmut virus-infected mice showed a similar pathology, with moderate alveolitis and bronchiolitis ( Fig. 4G and H) that was less extensive than that observed in the 1918-SC-and 1918-NY-infected mouse lung sections. Viral antigen was also detected in alveolar lining cells (Fig. 4I) . 
DISCUSSION
In this study, we have shown that the 1918 HA RBD and associated SA binding specificity are a moderate determinant of murine virulence (as measured by viral pneumonia with marked alveolitis, weight loss, and a lethal outcome) but that additional determinants reside outside of the RBD and cleavage domains of the 1918 HA. We have also shown that mutation of a low-pathogenicity avian H1 subtype HA virus to ␣2-6 binding does not result in marked weight loss, severe lung pathology, or death. Severe influenza viral pneumonias in humans, particularly those caused by HPAI viruses, are often associated with significant lower respiratory tract infections (14, 15) . HPAI viruses such as H5N1 have a strong ␣2-3 binding specificity (31) , and it has been hypothesized that mutations leading to increased ␣2-6 binding by HPAI viruses would facilitate human-to-human transmission and lead to a new pandemic. However, this may be an oversimplification. Isolates of the 1918 pandemic influenza virus have revealed two cocirculating variant HA RBD sequences, representing ␣2-6 (e.g., A/South Carolina/1/18; D190, D225) and blended ␣2-3/␣2-6 (e.g., A/New York/1/18; D190, G225) binding specificities (25) . The 1918 pandemic influenza virus was thus apparently transmitted and caused severe disease with either ␣2-3/␣2-6 or ␣2-6 binding activity. This suggests that 1918 HA likely encodes one or more additional unmapped virulence properties outside of the RBD. Efficient human-to-human transmission may also require changes in other viral genes that have not yet been fully elucidated. It is intriguing that some recent H5N1 influenza virus isolates that caused human infections in 2003 and 2004 showed mixed ␣2-3 and ␣2-6 binding, but these viruses were not more easily transmissible in humans (43) .
The viruses used in this study contained identical internal genes, and their replication in MDCK cells was efficient (titers of 10 6 to 10 7 PFU/ml), showing that neither replacement nor mutation of the HA genes blocked infection or replication. However, we observed dramatic differences in mouse virulence and pathogenesis. Given that the 1918 reassortant viruses were isogenic, apart from the surface glycoproteins, these properties can be attributed to the different HA and NA genes (Table 1) . Additionally, the 1918 and avian HA genes were isogenic outside single nucleotide changes in the codons of the RBD. The parental NY312 virus showed limited replication in the lung at 4 dpi and caused only slight weight loss with minimal pathological changes. Replacing the parental NY312 virus genes with wild-type avian HA and NA genes slightly increased weight loss but was still nonfatal. Changing avian HA ␣2-3 binding specificity to ␣2-6 led to prolonged viral replication of the Av-mut virus in the mouse lung, but with minimal patho- 
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In contrast, replacement of the HA and NA genes of the parental NY312 virus with 1918 virus HA and NA genes dramatically increased pathogenicity and lethality for mice, confirming previous findings (13, 38) . Both the 1918-SC and 1918-NY viruses were uniformly lethal at the highest dose, with significant lung replication that persisted until death and led to severe pathology, especially in the lower respiratory tree. The viral MLD 50 and lung pathology observed for the 1918-SC virus were similar to those obtained in previous studies evaluating similar viral constructs (11, 13, 37) . The increased pathogenicity of the viruses expressing the HA and NA genes representing the 1918 virus sequences was not solely due to the ability of these viruses to bind ␣2-6 SA. Mutation of the 1918-NY HA gene (D190, G225) to a completely avian RBD consensus (E190, G225) did not completely attenuate the virus, which still caused lethal infection with bronchiolitis and alveolitis, albeit with less severity than 1918-SC or 1918-NY. Intriguingly, we observed a similar trend of the duration of viral replication in mouse lungs between the avian and 1918 chimeric viruses. Both the Av-wt and 1918-NYmut viruses with ␣2-3-only binding activity were only detected at 4 dpi but were either undetectable or significantly reduced, respectively, by 6 dpi. In contrast, the Av-mut, 1918-SC, and 1918-NY viruses with ␣2-6 binding activity persisted in the lungs and were detected at both 4 and 6 dpi. Taken together, these studies revealed that the 1918 HA gene likely contains important determinants outside the RBD that contribute to enhanced virulence in mice. Studies are under way to identify the responsible domains and amino acid changes associated with them.
The experiments described in this report emphasize the complexity of the relationship between SA binding specificity and virulence and pathogenesis in IAV infection and highlight several important unanswered questions. Unfortunately, to date, no detailed systematic surveys of SA distribution in the respiratory tree have been performed with mice. Two limited studies that used lectin binding to determine SA isomeric distribution in the lungs have been performed. Gagneux et al. showed that ␣2-6 binding lectin Sambuccusnigra agglutinin (SNA) staining was not observed in the tracheas or lung airways of mice (5) . Similarly, Ibricevic et al. examined SA distribution in the mouse respiratory tree with both SNA and the ␣2-3-specific lectin from Maackiaamurensis (MAA) (8) . This study showed little SNA binding in the mouse respiratory tree and widely distributed binding of MAA. Both of these studies correlated the absence of SNA binding with the absence of ␣2-6 SA in mouse lungs. However, both of these studies relied upon lectin binding as a surrogate for ␣2-6 SA expression. The difficulty with interpreting lectin-based binding experiments is that lectins are highly specific for the terminal linkage and not for the entire glycan. For example, it has been demonstrated that the ␣2-3 binding lectins MAA1 and MAA2 show differential and exclusive binding to distinct ␣2-3 SA-containing glycans (19) .
In contrast to the specific lectin binding of only the terminal carbohydrate linkages of glycans, two recent studies have shown that influenza virus HA proteins make direct contact with many subterminal carbohydrates in SA-containing glycans that contribute to their 2-3 and 2-6 binding specificity (2, 28). Thus, influenza virus HA proteins bind much more than just the terminal disaccharides of SA-terminating complex glycans. These data show that lectin binding by histochemistry with lectins like SNA and MAA is therefore not a very good surrogate for influenza virus HA binding and cellular tropism. Increasing the complexity of this binding further, Stevens et al., using glycan arrays, showed that the same influenza viral HA proteins show differential binding to a variety of branched and unbranched oligosaccharides with the same terminal disaccharide, whether ␣2-6 or ␣2-3 (30) . Taken together, these diverse studies have shown a remarkable and growing understanding of the degree of complexity of the expression of SA-containing complex glycans in the respiratory tree and binding of influenza virus HA.
While ␣2-6 binding by 1918 HA does contribute to virulence, our study raises additional questions about the nature of the non-RBD-defined virulence of the 1918 HA protein. HA proteins from subtype H5 and H7 HPAI viruses, including recent Eurasian H5N1 lineages, possess polybasic amino acid insertional mutations near the HA 1 /HA 2 cleavage site that have been shown to be an important virulence factor. This polybasic region broadens protease specificity and leads to enhanced HA processing and expanded cellular tropism (33) . The 1918 HA protein does not possess such a cleavage site mutation and does not lead to replication outside the respiratory tree in mouse models, although it has been reported to have trypsinindependent growth properties in cell culture (37) . Our analysis of viral antigen distribution in the lungs of infected mice showed that 1918 HA-expressing viruses were dominantly found in both bronchiolar and alveolar epithelial cells with a distribution that appeared to be independent of SA binding specificity. However, these studies could not rule out subtle differences in SA-mediated cellular tropism, including differences in the infection of type I and II alveolar epithelial cells or macrophages. Studies are under way to address the question of which bronchiolar and alveolar epithelial cells are infected by different 1918 HA-expressing viruses.
A possible mechanism of the virulence of the 1918 HA could be tropism for immune cells such as alveolar macrophages and dendritic cells, which might lead to inhibition of protective immune responses. Recent work showed that the 1918 PB1-F2 protein sensitized immune cells to proapoptotic stimuli (3). Thus, if the 1918 HA protein increases the infection of alveolar macrophages, effects of the 1918 PB1-F2 protein could lead to suppression of early protective immune responses that may help explain the virulence of the fully reconstructed 1918 influenza virus in mice and macaques (11, 12, 37) .
The results presented in this report demonstrate that while the SA binding specificity of the 1918 HA protein plays an important role in pathogenesis in mice, additional virulence determinants must likely reside outside of the RBD. Given the differences in reported primary isolate 1918 RBD HA sequences, it will be of interest to examine the viral antigen distribution in autopsy tissue sections from human 1918 influenza cases with known differences in HA RBD amino acid sequences to determine if the pattern of infection in human alveolar lining cells is affected by changes in the HA RBD sequence and SA binding specificity. Further studies are required to identify these virulence determinants and to under-stand their potential roles in affecting host range, cellular tropism, replication, transmission, and pathogenesis.
